Electrokinetic boundary conditions are derived for AC electrokinetic (ACEK) phenomena over leaky dielectric (i.e., semiconducting) surfaces. Such boundary conditions correlate the electric potentials across the semiconductor-electrolyte interface (consisting of the electric double layer (EDL) inside the electrolyte solutions and the space charge layer (SCL) inside the semiconductors) under AC electric fields with arbitrary wave forms. The present electrokinetic boundary conditions allow for evaluation of induced zeta potential contributed by both bond charges (due to electric polarization) and free charges (due to electric conduction) from the leaky dielectric materials. Subsequently, we demonstrate the applications of these boundary conditions in analyzing the ACEK phenomena around a semiconducting cylinder. It is concluded that the flow circulations exist around the semiconducting cylinder and are shown to be stronger under an AC field with lower frequency and around a cylinder with higher conductivity.
I. INTRODUCTION
AC electrokinetic (ACEK) phenomena are widely used for manipulations of particles and flows in microfluidic systems [1] [2] [3] . Classic description of electrokinetic phenomena relies on the electric double layer (EDL) formed on charged insulating surfaces whose surface charge density are fixed due to the physiochemical bonds. Consequently, the surface charge density is independent of applied electric fields. However, for electrokinetic phenomena happens around polarizable or conducting solids, it has been confirmed that in the presence of an external electric field, extra electric charges can be induced on polarizable or conducting solid surfaces immersed in electrolyte solutions, thereby triggering the charging of EDL inside the liquid. This is manifested in a zeta potential which is no longer a fixed equilibrium material property, but rather depends upon the externally applied electric field. These induced-charge electrokinetic (ICEK) phenomena have been studied firstly for polarizable colloidal particles [4, 5] almost two decades ago and recently in the context of microfluidic applications for pumping [6, 7] , mixing [6, 8, 9] , demixing [10] , focusing [11] and particle manipulations [12, 13] .
Until recently, attention has been however mainly focused on ICEK phenomena of conductors with ideal polarizability. Investigations of electrokinetic phenomena over dielectric surfaces with finite polarizability just emerged, and the induced zeta potential in this case is solely contributed by the bond charges due to polarization. Squires and Bazant [6] analyzed a decrease in the induced zeta potential due to the presence of a thin dielectric coating on a conducting surface. For solids with arbitrary polarizability, two same effective electric boundary conditions of a Robin-type and a Neumann-type are derived via different methodologies in Refs. [14, 15] for evaluations of induced zeta potentials on arbitrarily polarizable dielectric surfaces. Their analyses both confirmed that dielectric surfaces with stronger polarizability acquire higher induced zeta potentials and thus induce stronger electrokinetic phenomena. Yossifon et al [16] further derived the transient version of these effective boundary conditions, which allow for predicting transient development of the induced zeta potential over arbitrarily polarizable dielectric surfaces. Using these derived electric boundary conditions, they investigated the temporary evolution of DC driven electrokinetic phenomena around a polarizable object.
Only very recently, Pascall and squires [17] experimentally verified that the very presence (often inevitable) of a thin dielectric layer on electrode surfaces (e.g., due to surface contamination by oxidized or adsorbed species) can substantially alter the induced zeta potential, and thus affect the associated electrokinetic phenomena.
However, the aforementioned all assumed that the solids are perfectly dielectric and thus there are no free charge carriers and space charge layer (SCL) inside them. However, for a more general solid, it has both finite dielectric constant and conductivity and is leaky dielectric or semiconductive in nature. Under this case, the SCL forms in the solid and the EDL forms in the liquid, and these two layers constitute the interface between a semiconductor and an electrolyte solution. On the other hand, AC electric forcing is usually much desired in microfluidic applications since it introduces another control parameter of frequency and reduces possible negative effects, such as electrolysis and dissolution of electrodes. Our effort here is to consider both EDL and SCL and derive effective electric boundary conditions eligible to evaluate induced zeta potential on surfaces of semiconducting solids subjected to AC electric field of arbitrary wave forms.
Furthermore, we analyzed the ACEK phenomena around a semiconducting cylinder to show the applications of the derived boundary conditions. Finally, possible applications of the derived boundary conditions are also discussed and highlighted.
II. EFFECTIVE ELECTRIC BOUNDARY CONDITIONS
This section presents electrokinetic boundary conditions for ACEK phenomena to correlate the electrical potentials across the EDL and SCL at a semiconductor-electrolyte solution interface. It is known that there is usually a SCL (i.e., an "EDL" in the solid) in the semiconducting solid adjacent to the EDL in the liquid electrolyte [18] [19] [20] [21] . The thicknesses of EDL and SCL have the same order of magnitude and typically range from 1nm to 100nm, thus both of them need to be considered simultaneously. Then we usually need to consider the transport (by diffusion and migration) of both types of charge carriers (i.e., electrons and holes) in the solid as what we usually model both cations and anions in the liquid. We restrict our analysis under the three assumptions (i) thin EDL and SCL, (ii) negligible Peclet number and (iii) weak applied electric field (i.e. 
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From a microfluidic application viewpoint, the aforementioned three assumptions are applicable. Therefore, in the model development, the hydrodynamic problem and the electrostatic problem can be decoupled [6, 16, 22] . Furthermore, as shown in Fig. 1 namely outward normal to the solid surface. We define the corresponding 'outer' (y) and
In our analysis, the dimensionless net charge densities inside the liquid and solid domains due to the difference of concentrations of positive charge carriers and negative charge carriers, i.e., p n n n  , is expressed as 
which respectively describe the continuity of the electric potential and the discontinuity of the electric displacement due to the presence of free charges at the interface between two different media. In Eqs. (3), β = (ε w λ D1 )/(ε f λ D2 ) and q is the dimensionless free surface charge density which is scaled by 0
Under the widely adopted assumption, namely the solid surface is totally blocking and there is no Faradaic reaction on the semiconductive surface, viz., the solid wall is not penetrable to the charge carrier fluxes, the vanishing of the normal components of the positive charge carriers and negative carrier inside both domains leads to the boundary conditions for 1
At the outer edges of the EDL and the SCL, we impose the asymptotic matching conditions as
and the electroneutrality condition as
We consider time periodic electrokinetic phenomena under an externally applied AC electric field with arbitrary wave form, e.g., sinusoidal, triangular, rectangular, etc. The 
Similar Fourier decompositions are assumed for the electric potentials ( EDL  , SCL  ,
) and free surface charges q in terms of their corresponding complex amplitudes 
The coefficient of the exponential term on the right-hand side of Eq. (7a) can be viewed as the complex amplitude for the effective induced zeta potential that is the potential drop across the EDL, i.e.,
Making use of Eqs. (8), we eliminate A 1 , A 2 ,
from the transformed boundary conditions Eqs. (3) to obtain the followings
Eqs. (10) For conventional electrokinetic phenomena, solid walls are considered as perfect insulators, suggesting that both  and t f /t w are equal to zero. Then it can be obtained from Eqs. (10) that there is no induced zeta potential (since in this case there is no electric field inside the solid, and
  is the effective induced zeta potential drop across the EDL) and the bulk electrostatic potential inside the liquid domain satisfies the homogeneous Neumann condition, i.e., the electrically insulating condition
For ideal dielectric objects under a DC electric field, the conductivity of the solids is zero (t f /t w =0), there is no SCL effect inside the solid and the frequency of external electric field is zero ( 0   ), and Eqs.(10) reduce to
which shows that the Robin-type and Neumann-type boundary conditions of the steady electrostatic problems for the solid wall and in the bulk liquid, respectively. The detailed derivation of Eq. (11) was provided in refs. [15] (see their Eqs. (2) and (9)).
To gain further physical insight into the two boundary conditions given in Eqs. (10) 
In Eqs. (12), the left-hand sides represent the instantaneous Ohmic charging rates at the outer edges of the EDL and SCL, which are equal to the growth rates of their total induced charges shown on the right-hand sides of Eqs. (12) . It is noted that 
III. ACEK PHENOMENA AROUND A SEMICONDUCTIVE CYLINDER

A. Mathematical formulations and solutions
In this section, we use a concrete example of ACEK phenomena around a semiconducting cylinder (see Fig.2 
In addition, we also need a far field condition for f  0 0 cos
In Eqs. (13) and (14) 
Substituting Eqs. (15) into the Eqs. (13), two unknowns in Eqs. (14) then can be determined as
where 1 G and 2 G are two complex groups related to the liquid domain and solid domain,
Furthermore, the tangential electric field strength on the semiconducting surface reads
In this particular case, the complex amplitude of the induced zeta potential defined by Eq (9) can be formulated as
It is evident from Eq. ) which is identical to the result given by Eq.(3.5) in ref. [6] .
Utilizing Helmholtz-Smoluchowski equation, electroosmotic slip velocity on the surface of the semiconducting cylinder can be found out as 2 0 0 sin cos
where θ  denote the unit vector along the azimuthal directions. And 0 U can be determined as 
where operator 2  in polar coordinate can be expressed as
Boundary conditions given by Eqs. (24) and (25) can be transformed to
as well as the far-field boundary conditions
Squires and Bazant [6] derived the solutions for the fluid motion around a perfectly polarizable cylinder immersed in an electrolyte solution under a DC external electric field (see their Table 1 
B. Results and discussion
To show the basic flow patterns at difference phases around the cylinder, we choose a special case of conductor with ideal polarizability (    ) and the corresponding contours for stream function (normalized with respect to 2 0 E ) of difference phases are plotted in Fig.3 . Since the stream function value is zero on the semiconducting surface, and then the stream function value at a point in the flow field gives the volumetric flow rate through a line connecting that point and the semiconducting surface. The higher the flow rate is, the stronger the flow is. Then magnitude of the stream function can be seen as a measure of the flow strength. It is evident that the flow is strongest at Ωτ=0 (Fig.3a) .
Basic flow pattern involves four vortices symmetric with respect to both x and y axes.
These circulations are consequences of induced slip velocities all directing towards x=0 along the cylinder surface. Then as time evolves, the external field strength and the induced zeta potential all decrease, and so do the induced slip velocity on the cylinder surface and the flow strength, see Fig.3b . To phase Ωτ= π/2 in Fig.3c , although the external electric field decrease to zero, the tangential electric field strength on the semiconducting surface defined by Eq. (18) 
IV. SUMMARY
To conclude, we have derived effective electric boundary conditions for ACEK phenomena over semiconducting solids floating in AC electric fields with arbitrary wave forms. The general electric boundary conditions take into account the contributions from both the electrical polarization and the electrical conduction to induced zeta potentials.
We have demonstrated that our general boundary conditions can recover several well- due to the charging of EDL and SCL. Then the local electric field around the particle is modified accordingly. Ultimately, the effective dipole moment and therefore dielectrophoretic force and torque on the particle are definitely modified by the dynamic charging of EDL and SCL. Although some searchers [22, [31] [32] [33] noticed this problem and already addressed the effect of EDL charging on the dielectrophoretic force, SCL effect was not considered until now. Furthermore, they did not provide simple formulae for dielectrophoretic force and torque on a spherical particle with EDL and SCL effects.
With our derived effective boundary conditions, it can be expected that the modification of convention dielectrophoretic theory can be included in a modified Clausius-Mossoti factor. These two works are in progress and will be reported elsewhere. 
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